The nonlinear optical properties of some ABO 3 materials (BaTiO 3 , KNbO 3 , LiTaO 3 and LiNbO 3 ) are studied by density functional theory (DFT) in the local density approximation (LDA) expressions based on firstprinciple calculations. Our goals are to give the details of the calculations for linear and nonlinear optical properties, including the linear electro-optic (EO) tensor for some ABO 3 structures with oxygen octahedral structures using first-principles methods. These results can then be used in the study of the physics of ferroelectrics, specifically, we present calculations of the second harmonic generation response coefficient X (2) (−2ω ω ω) over a large frequency range for ABO 3 crystals. The electronic linear EO susceptibility X (2) (−ω ω 0) is also evaluated below the band gap. These results are based on a series of the LDA calculations using DFT. Results for X (2) (−ω ω 0) are in agreement with experiments below the band gap.
Introduction
Ferroelectric materials are usually characterized by insulating solids. These materials are in a high-symmetry paraelectric phase at high temperatures and as the temperature is lowered they undergo one or several transitions to ferroelectric phases (or antiferroelectric phases) characterized by lower symmetry. Ferroelectric materials are used in various technological applications and have been the subject of intensive study due to their implementation. There are intense efforts in experimenting, fabricating and searching for various NLO materials including ferroelectrics and related compounds. However comparatively there is a much smaller effort to understand the NLO processes in these materials at the microscopic level. Theoretical understanding of the factors that control the figure of merit is extremely important in improving the existing EO materials and in the search for new ones [6] .
First-principles methods
Many physical properties of solids and molecules can be calculated and predicted very accurately from firstprinciples, taking as the only inputs the atomic numbers of the constituent atoms. One of the most powerful techniques available is the Kohn-Sham density functional theory. Combined with linear response techniques this method has already played an important role in elucidating the physics of ferroelectric materials. Ferroelectric materials have been the subject of the majority of first-principle calculations with the focus being on the ground-state structure, lattice dynamics, dielectric and piezoelectric response functions [7] . First-principles calculations can bring to light examples with distinct mechanisms for materials, including dynamics and physical properties, which may serve as the inspiration for the identification of new first-principles prediction and experimental synthesis and characterization. The application of firstprinciples methods to the study of ferroelectrics materials is reviewed. It is impossible to provide a comprehensive review of all first-principles work on ferroelectric materials. We refer the reader to previous reviews of the subject [8] . Our goal is to give the details of the calculation of NLO properties, including linear EO tensor for some ABO 3 structures with oxygen octahedral structure using the first-principles methods and using these results in the study of the physics of ferroelectrics. For general aspects of methods, we refer to appropriate review articles and books (for DFT, see [9] ; and the text by Martins [10] ; for Hartree-Fock, see [11] ; for an application of dynamical mean-field theory see [12] . The following should be consulted for details of the various first-principles implementations: ABINIT [13] , SIESTA [14] , CRYSTAL [15] , WIEN2k [16] , VASP [17] and PWscf 1 .
1 http://www. pwscf.org/
Linear and nonlinear optical susceptibility
There are several physical properties of the materials selected for this study that are very important for their use in NLO devices. These include the linear and nonlinear susceptibility, the NLO coefficients and the EO coefficient.
The following sections offer basic information about the linear and nonlinear optical phenomena and the related physical properties of the materials.
Linear optical susceptibility
It is well known that the effect of the electric field vector, E(ω), of incoming light is to polarize the material. We can represent the electric field vector and the polarization in terms of their frequency components
(1)
where the summation extends over all positive and negative frequencies ω . In an insulator the polarization, P , can be calculated using the following relation [18] .
where the constant of proportionality X (1) (−ω ω) is known linear optical susceptibility (second-rank tensor). A variety of differences in the definition and notations of X (1) (−ω ω) can be found in more detail in references [18] [19] [20] and in nonlinear optics textbooks [21] [22] [23] . In NLO, the NLO response can often be described by generalizing Eq. (3) by expressing the polarization as a Taylor series expansion of the applied electric field strength as
where indices denote the Cartesian components, P is the zero field (spontaneous) polarization and X (2) 
is the second-order NLO susceptibility (third-rank tensor). The higher order terms can also be calculated but in the present work we are only interested up to the linear and second-order optical response. The usual linear susceptibility,
is much greater than the coefficients of the nonlinear terms X (2) (−2ω ω ω), X (3) (−3ω ω ω), and so on, and hence the latter contribute only at high-amplitude fields. X (1) (−ω ω) is given by refs. [24, 25] .
where , denote energy bands, ( ) = ( ) − ( ) is the Fermi occupation factor, and Ω is the normalization volume. ω ( ) = [ω ( ) − ω ( )] is the frequency difference and¯ ω ( ) is the energy of band n at wave vector . The are the matrix elements of the position operator are given by
where M is the free electron mass, and P ( ) is the momentum matrix element. The general expression of the NLO susceptibility depends on the frequencies of E(ω). At the theoretical level, the linear and nonlinear optical susceptibilities are assimilated into the electronic response of the system that should a priori depend on the frequencies of the optical electric fields [19] . As shown in Eq.
The real part of ε (ω) ε 1 (ω) can be obtained using Kramers-Kronig transformation
where P denotes the Cauchy principal value. As the Kohn-Sham equations only determine the ground-state properties, the unoccupied conduction bands have no physical significance. If they are used as single-particle states in optical calculation of semiconductors and ferroelectrics, a band gap problem comes into existence since the absorption starts at too low an energy. In order to remove the deficiency, the many-body effects must be included in calculations of response functions. In order to take into account the self-energy effects, generally the scissors approximation [20] is used. In the framework of the scissors approximation, Eq. (5) can be rewritten as follows:
The difference between Eq. (5) and (9) is only the modification of the frequencies ω , ω → ∆ (δ − δ ). The linear and nonlinear optical results presented in all studies are (or not) scissors corrected using the scissors operator. Experimentally, the linear and nonlinear susceptibilities correspond to measurements for electric fields at frequencies high enough to get rid of the ionic relaxations, but low enough to avoid electronic excitations. In the case of the second-order susceptibilities, this constraint implies that both the frequency of E(ω) and of its second harmonics are lower than the fundamental absorption gap. The optical properties may be extracted from knowledge of the complex dielectric function. Expressions for optical constants like refractive index ω , extinction coefficient ω , absorption coefficient α(ω), reflectivity R(ω), the real part of the optical conductivity Re[σ (ω)], and energy loss spectrum L(ω) can be calculated using the dielectric function through the following relations:
Further details on matrix elements and optical constants such as (ω), (ω), L(ω), R(ω), Re[σ (ω)] and α(ω) can be found in ref. [26, 27] .
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The nonlinear optical susceptibility and electro-optic tensor of ferroelectrics: first-principle study
Nonlinear optical susceptibility
For simplicity X (2) (ω) is the complex second-order NLO susceptibility tensor X (2) (−2ω ω ω) and can generally be written as X (2) (ω) where the subscripts , and are
Cartesian indices. The second order (X (2) (ω)) NLO susceptibility term in expression (4) can only occur in crystals that are non-centrosymmetric, that is, crystals that have no inversion symmetry. The general expression of the NLO susceptibility depends on the frequencies of E(ω). Therefore, in present context of the (2n+1) [28, 29] theorem applied within the LDA to DFT we get an expression for the second order susceptibility. The expression for the second order susceptibility [19, 20, 25, 30] can be generally written as the sum of the three physically different contributions in the form:
The first term in Eq. (11) describes the contributions of the interband transitions to second order susceptibility. The second term represents the contribution from the modulation of the linear susceptibility by the intraband motion of the electrons. Finally the third term describes the portion of the susceptibility resulting from the modification of interband motion by the polarization energy associated with the interband motion. A more thorough analysis and interpretation of these terms has already been presented [18] . In nonlinear optics literature, instead of using the X (2) (ω)-tensor, one often prefers to use the (ω) = (1/2)X (2) (ω).
The NLO susceptibility tensor is a third-rank tensor having the units of m/V (or cm/statvolt).
can be contracted to a 3x6 matrix, using simplified subscript indices since and can be exchanged based upon intrinsic permutation symmetry arguments. We simplify the notation by introducing a contracted matrix according to the prescription 
  
The form of tensor has to be consistent with the symmetry of the crystal. Thus no even harmonics can be produced by materials with a center of symmetry or an inversion center. When a NLO material is chosen for an application, the NLO coefficient and the transparency range are among the most important properties. In general, a large NLO coefficient is a desired characteristic of a device crystal. According to the requirements of the crystal symmetry, the number of independent components can be further reduced.
tensor for some ferroelectric crystals is shown in sequel (in Voigt notation). Point group 4mm (e.g., BaTiO 3 The Kleinman symmetry rule allows us to reduce this tensor to three independent elements for space group R3c(C 6 3 ), since in this case we have 31 = 15 . NLO susceptibilities are particularly difficult to measure accurately and the values reported by different workers are often in substantial disagreement [31] .
Electro-optic tensor
The optical properties of a material usually depend on external parameters such as the temperature, electric or magnetic fields or mechanical constraints (e.g. stress, strain). The linear EO effect occurs in acentric crystals. Only 21 acentric groups (those lacking a center of inversion) may have non-vanishing coefficients. Now we consider the variations of the refractive index induced by a ¾ ¾ static or low-frequency electric field (1/4π)∆ε . Using tensor notation, one can write the change in the refractive index or the inverse of electronic dielectric tensor. ∆ (or ∆ε −1 ) due to applied fields of E as,
where P is the polarization field vector, and are described by the linear EO coefficients (Pockel's effect). R and are the quadratic (Kerr effect) EO tensor coefficients. ∆(ε −1 ) is the inverse of the electronic dielectric tensor and the EO tensor. In expansion (3.3) terms of order higher than quadratic are neglected because higher-order effects are too small to observe in most applications. The coefficients in Eq. (3.3) are related to each other as follows;
where ε and ε are the principal optical dielectric constants. Within the Born-Oppenheimer approximation, the EO tensor can be expressed as the sum of three contributions: a bare electronic part , an ionic contribution and a piezoelectric contribution . The electronic part is due to an interaction of E with the valence electrons when considering the ions artificially as clamped at their equilibrium positions. It can be computed from the NLO coefficients. As can be seen from Eq. (4) X (2) defines the second order change of the induced polarization with respect to E . Taking the derivation of Eq. (4) we also see that X (2) defines the first-order change of the linear dielectric susceptibility, which is equal to (1/4π)∆ε . Since the EO tensor depends on ∆(ε −1 ) rather than ∆ε , we have to transform ∆ to ∆(ε −1 ) by the inverse of the zero-field electronic dielectric tensor [29] .
Using Eq. (14) we obtain the following expression for the electronic EO tensor:
Eq. (15) takes a simpler form, when expressed in the principal axes of the crystal under investigation [29] :
where coefficients are the principal refractive indices. The origin of ionic contribution to the EO tensor is the relaxation of the atomic positions due to the applied electric field E and the variations of the ε induced by these displacements. It can be computed from the Born effective charge Z α β and the ∂X /∂T α coefficients introduced in ref. [29] . The ionic EO tensor can be computed as a sum over the transverse optic phonon modes at = 0.
where α is the Raman susceptibility of mode and P the mode polarity
which is directly linked to the mode oscillator strength
For simplicity, we have expressed Eq. (19) in the principal axes while a more general expression can be derived from Eq. (15). Finally, the piezoelectric contribution is due to a relaxation of the unit cell shape due to the converse piezoelectric effect [29] . It can be computed from the elasto-optic coefficients P µν and the piezoelectric strain coefficients µν :
P µν µν (20) If the EO coefficient is determined at constant strain (by making the measurement at high frequencies well above resonances of the sample) the crystal is clamped, as indicated by S. If is determined at constant stress (at low frequencies well below the acoustic resonances of the sample) the sample is free (unclamped), as indicated by T . The clamped EO tensor η takes into account the electronic and ionic contributions but neglects any modification of the unit cell shape due to the converse piezoelectric effect [32] .
Experimentally, it can be measured for frequencies of E high enough to eliminate the relaxations of the crystal lattice but low enough to avoid excitations of optical phonon modes (usually above ∼ 10 2 MHz). To compute the unclamped EO tensor σ we have added the piezoelectric contribution to η .
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The nonlinear optical susceptibility and electro-optic tensor of ferroelectrics: first-principle study Experimentally, σ can be measured for frequencies of E below the mechanical body resonances of the sample (usually below ∼ 1 MHz).
is the tensor that describes the linear EO effect. The linear EO effect is described by a third rank tensor, commonly represented as a 6 × 3 matrix. Since ε is real and symmetric, its inverse η must also be real and symmetric, and consequently must be symmetric in its first two indices. For this reason, it is often convenient to represent the third-rank tensor as a two-dimensional matrix using contracted notation according to prescription 
We remarked earlier that the linear EO effect vanishes for materials possessing inversion symmetry. Neuman's law [33] dictates that a physical property of a material must at least contain the symmetry of the point group of that material. The simplified linear EO coefficient tensors of some of the point groups are shown in the sequel as illustrative examples. For example, for any material (such as BaTiO 3 , LiTaO 3 , KDP, and KNbO 3 ) possessing the point group symmetry, the EO must be of the form: Point group 4mm (e.g., 
We see that the form of the symmetry properties of the point group 4mm requires thirteen of the EO coefficients to vanish and two of the remaining coefficients to be equal. Hence, for the case shown above possesses only three independent elements ( 13 33 51 ). Similarly, the EO tensor of a crystal of class 3m,42 , and mm2 has four independent elements 13 33 22 51 = 42 , two independent elements 41 63 , and five independent elements 13 23 33 42 and 15 , respectively. In contrast to the dielectric tensor, the EO coefficients can either be positive or negative. The sign of these coefficients is often difficult to measure experimentally. Moreover, it depends on the choice of the Cartesian axes. The axis is along the direction of the spontaneous polarization and the -axis lies in a mirror plane. The and -axes are both piezoelectric. Their positive ends are chosen in the direction that becomes negative under compression. The orientation of these axes can easily be found from pure geometrical arguments.
Details of calculation
The linear and nonlinear optical properties of ABO 3 [34] [35] [36] were theoretically studied by means of first-principles ¾ calculations in the framework of density functional theory, based on the local density approximation [37] and the generalized gradient approximations (GGA) as implemented in the ABINIT code [11] . The self-consistent norm-conserving pseudopotentials are generated using the Troullier-Martins scheme [38] which is included in the Perdew-Wang scheme [39] as parameterized by Ceperly and Alder [40] . The exchange-correlation term as been determined within GGA parametrized by Perdew-BurkeErnzerhof [41] . For calculations, the wave functions were expanded in plane waves up to a kinetic-energy cutoff of 40 Ha (LiNbO 3 and LiTaO 3 ), 35 Ha (KNbO 3 ), 38 Ha (BaTiO 3 ). The Brillouin zone was sampled using a 6×6×6 Monkhorst-Pack mesh of special points [42] . Pseudopotentials are generated using the following electronic configurations: Li (2s), Ba (6s), K (4s), Ta (5d, 6s), Nb (4d, 5s), Ti (3d, 4s), and O (2s, 2p) electrons were considered as valence states in the construction of the pseudopotentials. The above configuration is found to be the optimized choice for these materials.
In the trigonal crystal system, Li(Nb,Ta)O 3 can be structurally characterized by either a hexagonal or rhombohedral unit cell. The hexagonal coordinates Li(Nb,Ta)O 3 are converted to the rhombohedral coordinates. Rhombohedral unit cell (space group R3c) contains two formula units for a total of ten atoms. KNbO 3 and BaTiO 3 belong to the tetragonal system with space group P4mm with one formula unit per cell. The coordinates and lattice parameters of LiNbO 3 [43] , LiTaO 3 [44] , KNbO 3 [45] , and BaTiO 3 [46] are reported in Table 1 . The coordinates of the other atoms can easily be obtained using symmetry operations of the space groups (R3c and P4mm). These parameters were necessary to obtain converged results in the linear and nonlinear optical properties.
Results and discussion
The calculation of NLO properties is much more complicated than the same procedure in the linear case. The difficulties concern both the numerical calculations and the physics. The -space integration of the expression has to be performed more carefully using a generalization of methods and more conduction bands have to be taken into account to reach the same accuracy. The fact that the SHG coefficients are related to the optical transitions has remarkable consequences. The ABO 3 compounds have been the subject of the majority of firstprinciple calculation on ferroelectrics, with the focus being on the structural parameters, electronic structure, lattice dynamics, linear and nonlinear optical properties, dielectric and piezoelectric response functions. In this section we summarize the linear and nonlinear optical properties for some ABO 3 compounds. Results have been reported for BaTiO 3 , KNbO 3 , LiTaO 3 , and LiNbO 3 .
Linear optical susceptibility
The optical properties are of great importance in giving insight into the fundamental physical properties and potential applications. The macroscopic optical response function of a solid is expressed by the dielectric function in the range of linear response. It is known that the dielectric function is connected mainly with the electronic response. In the calculation of the optical response in the present work, we have used the standard expression for ε (ω) (see Eq. 7 and 8). Matrix elements are calculated from the electron states, an integration over the irreducible Brillouin zone is performed to calculate the ε 2 (ω) and then a Kramers-Kronig analysis is performed to obtain the ε 1 (ω). ε 2 (ω) of the dielectric function is directly connected with the energy band structure. In anisotropic materials, dielectric properties must be described by the dielectric tensor which reduces to only one (cubic, ε = ε = ε ), two (tetragonal, trigonal, hexagonal, ε = ε and ε ), three (orthorhombic, ε ε and ε ), four (monoclinic, ε ε ε and ε ), and six (triclinic, ε ε ε ε ε and ε ) independent components.
We have calculated the derivative of the linear optical susceptibility with respect to atomic displacement of the ferroelectric phase of Li(Nb,Ta)O 3 . ε 2 (ω) and ε 1 (ω) parts ¾ In general, the similarity of the ε 2 (ω) function for ferroelectric phase within the¯ ω = 0 − 30 eV range indicates the Nb(Ta)O 6 octahedron fundamental significance in the band-structure formation. It means that the Nb(Ta)O 6 -octahedron determines the lowest boundary of the CB and the upper boundary of the VB. Due to the main contribution to above VB bands by d-like transition metal orbitals (Nb, Ta-cations) and p-like oxygen (O-anions) combined in every octahedron, these two bands are similar for many oxygen-octahedral ferroelectrics. The 2p-oxygen electron levels and Nb (or Ta) d-orbitals form the VB and CB of Li(Nb,Ta)O 3 . It is well known that the ε 2 (ω) unction computed from moments appear to be very sensitive to the ab initio parameters and seem to be particularly appropriate to test electronic band structure. In ABO 3 perovskites the two peaks present in experimental reflectivity data are obtained in theoretical curves only when the interband transition moments are varied with respect to the energies and wave vectors. In this computation on ABO 3 , compounds many parameters have been borrowed from existing computations have been neglected, explaining some discrepancies between theory and experiments. With a knowledge of ε 1 (ω) and ε 2 (ω) of the dielectric functions, for instance, we can derive L(ω) R(ω) and α(ω). The peaks in L(ω) spectra represent the characteristics associated with the plasma resonance and the corresponding frequency is the so-called plasma frequency [26] , the frequency of collective oscillation of the valence electrons in the crystal. A root in ε 1 (ω), i.e. ε 1 (ω) = 0, can give a plasma resonance, although this not a requirement. However as is now obvious, not all roots of ε 1 (ω) = 0 give rise to peaks in the electron energy-loss spectrum. Thus, ε 1 (ω) = 0 is a necessary condition for plasma oscillations to occur, but as observed is not a sufficient condition [47] .
Also, it is known that the maxima L(ω) corresponds to a plasma resonance when ε 1 (ω) and ε 2 (ω) tend to zero in the region of a peak of L(ω) and vary linearly at rates ε 1 / ω > 0 and ε 2 / ω < 0. At the same time, the peaks of L(ω) correspond to the trailing edges in the reflection spectra, for instance, the prominent peaks of L(ω) (Fig. 2(a, b) ) are situated at energies corresponding to the abrupt reductions of R(ω) (Fig. 2(c, d) ). Fig. 2(a,  b) show the loss function. The sharp peak in the energy loss function is associated with the plasma oscillations and corresponding oscillation frequency. The other peaks arise at the valence bands to the lower and upper conductions bands. The plasmons energy values of Li(Nb, Ta)O 3 obtained in this work and by others is given in Table 2 . In Table 2 , we present a compilation of the first-principles plasmon energy (E ) of various perovskite oxides, obtained within different approximations. In Fig.  2(c,d) , the calculated optical reflectivity is displayed. The maximum reflectivity spectrum of Li(Nb, Ta)O 3 are about 40% (2-7 eV), 20% (8-13 eV) and 40% (22-27 eV) along a-crystal crystallographic axis. We have shown the calculated linear absorption spectrum in Fig. 2(e,f) . The absorption edges start from about 3.5 eV for Li(Nb, Ta)O 3 . This originates from a transition from O 2p electron states located at the top of the VB to the empty Nb(or Ta) d electron states dominating the bottom of the CB. This is the high-frequency region of the visible spectrum. Thus, low frequencies are not absorbed and they will therefore dominate the transmitted light. The anisotropy causes the c-direction absorption to be somewhat lower than the adirection. 
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Nonlinear optical susceptibility
It is well known that NLO properties are more sensitive to small changes in the band structure than linear optical properties are enhanced in the nonlinear spectra. This is attributed to the fact that the SHG coefficients are related to the optical transitions and has remarkable consequences. First of all, we note that the equations for SHG consist of a number of resonant terms. In this sense the imaginary part, ImX (2) (−2ω ω ω) resembles ε 2 (ω) and provides a link to the band structure. The difference, however, is that whereas in ε 2 (ω) only the absolute value of the matrix elements squared enters, the matrix elements entering the various terms in X (2) (ω) are more varied. They are in general complex and can have any sign. Thus, ImX (2) (ω) can be both positive and negative. Secondly, both resonances appear when 2ω equals a interband energy and when 2ω equals an interband energy. Third, we note that the 2ω esonances occur at half the frequency corresponding to the interband transition. Thus, the incoming light need not be as high in the ultraviolet (UV) to detect this higher lying interband transition. This is important for wide band gap materials like ABO 3 compounds where laser light sources reaching the higher interband transitions are not available. Nevertheless, one still needs to be able to detect the corresponding 2ω signal in the UV. Unfortunately the intrinsic richness of the X (2) (ω) spectra remains largely to be explored experimentally. We are not aware of any attempts to measure both the real and imaginary parts of these spectral functions as one does in linear optics. Also, it is well known that NLO properties are much more sensitive to small changes in the band structure than the linear optical properties. That is attributed to the fact that the second harmonic response X (2) (ω) contains the 2ω resonance along with the usual ω resonance. Both ω and resonances can be further separated into interband and intraband contributions. The structure in X (2) (ω) can be understood from the structures in ε 2 (ω). In this computation on ABO 3 compounds many parameters have been borrowed from existing computations have been neglected, explaining some discrepancies between theory and experiments. Since ferroelectric Li(Nb,Ta)O 3 belongs to trigonal group symmetry, there are five nonzero elements of the SGH susceptibility, namely X
113 (ω), X
131 (ω), X
222 (ω), X (2) 311 (ω), X (2) 333 (ω) components (1, 2, and 3 refer to the , , and axes, respectively). Also KNbO 3 and BaTiO 3 in tetragonal phase crystallizes in the space group P4mm. Based on this symmetry group are only four independent components of the SHG third rank polar tensor, namely X (2) 113 (ω), X (2) 131 (ω), X (2) 311 (ω), X (2) 333 (ω) components. We have calculated the derivative of the second-order NLO susceptibility tensor of the imaginary and real parts of the SHG susceptibility X (2) (ω) without scissors correction for ¾ their components. One may note that the overall shape of the SHG curves for LiNbO 3 -LiTaO 3 and KNbO 3 -BaTiO 3 are similar. But some of the fine structure details will be shown to play a role in understanding the trends in the static values. The calculated total imaginary part of SHG susceptibility X (2) (ω) is shown in Fig. 3 . The components X
113 (ω) and X (2) 131 (ω) for Li(Nb,Ta)O 3 , BaTiO 3 and KNbO 3 show exactly the same structures (X (2) 113 (ω) = X (2) 131 (ω)). So we are interested in X (2) 113 (ω) components. As shown in Fig. 3(b, d) the total SHG susceptibility for Li(Nb,Ta)O 3 is zero below 1.5 eV. ImX (2) (ω) are initially very flat for all components in this region. From Fig. 3(b,d) , we note that the components X
113 (ω) and X (2) 311 (ω) show similar behavior and spectral structure in 0-10 eV ranges. The components X (2) 222 (ω) and X (2) 333 (ω) show partly the same structures with different signs in Fig. 3(b, d) . Based on these results we can conclude that X (2) 222 (ω) = X (2) 333 (ω) and X (2) 113 (ω) = X (2) 311 (ω). The component exhibits a similar general structure, but X (2) 113 (ω) = X (2) 311 (ω) is larger in magnitude than the other components. As shown in Fig.  3(a, c) the total SHG susceptibility X (2) 113 (ω), X (2) 311 (ω) and X (2) 333 (ω) determining SHG are zero, below half of the band gap. The components X (2) 113 (ω) and X (2) 311 (ω) show exactly the same structures with different signs (Fig. 3 (a,c) ). At energies higher than 10 eV ImX (2) (ω) drops to zero very fast. For example X (2) (ω) obviously increases when going from Ba to K and Li and from Ti to Nb and Ta. We have also calculated the total real parts of susceptibility. The real parts of SHG are shown in Fig. 4 . As can be shown from Fig. 4 we found that X Table 3 . Fig.  5 shows interband (2ω and ω) and intraband (2ω and ω) contributions to imaginary parts of the dominant component X (2) 311 (ω) for Li(Nb,Ta)O 3 , KNbO 3 . and BaTiO 3 . The interband contribution (2ω) for LiTaO 3 and KNbO 3 in Fig.  5 starts off with a positive peak, then becomes negative, and then swings to positive again. This is significant in view of the Kramers-Kronig emphasis on the low energy region. We also note the opposite signs of interband and intraband contributions at the frequency range. This fact may be used in future for molecular engineering of crystals in the desirable directions.
The ω resonance for Li(Nb,Ta)O 3 is smaller than 2ω resonance for five components. The 2ω terms start contributing at energies ∼ E /2 and the ω terms for energy values above E . The SHG optical spectra is dominated by 2ω contributions between 1. 113 (ω), X (2) 131 (ω), X (2) 311 (ω), X (2) 222 (ω) and X (2) 333 (ω) for some ABO 3 . All ImX (2) (ω)
are multiplied in unit of 10 −7 esu. ¾ Figure 4 . Calculated total imaginary parts of X (2) 113 (ω), X
131 (ω), X (2) 311 (ω), X (2) 222 (ω) and X (2) 333 (ω) for some ABO 3 . All ImX (2) (ω)
are multiplied in unit of 10 −7 esu.
The ω and 2ω contributions tend to cancel each other above 10 eV. The peaks in ImX (2) 311 (ω) can be identified to be coming from 2ω and ω resonances of the peaks in the linear dielectric function. Therefore, this identification of the peaks in the SHG susceptibility is done from the respective linear optical spectra. We can make use of the linear optical spectra to identify the different resonances leading to various features in the SHG spectra. The first spectral structure in ImX (2) 311 (ω) between 1.0 and 5 eV mainly originates from the 2ω resonance and arises from the first major peak in ε 2 (ω). The second structure between 5 and 7.5 eV is associated with interference between 2ω and ω resonance and is associated with the peaks in ε 2 (ω). The last structure from 7.5 to 15 eV is mainly due to ω resonance and is associated with the tail and peaks in ε 2 (ω).
They are arranged so as the Ba → K → Li, Ti → Nb → Ta trends are obvious. For example X (2) (ω) obviously increases when going from Ba to K and Li and from Ti to Nb and Ta. Unfortunately, the agreement between theory and experiment is by no means perfect. Note that the interband parts are negative in all cases and in most cases largely compensate the intraband part. The exceptions are the Li(Nb,Ta)O 3 compounds in both cases of which interband part is much smaller in magnitude than the intraband part. This is quite interesting because it is unexpected. It raises the question what features in the band structure of these two compounds distinguish them from the other compounds. We investigated the reasons for the cancellation of intraband and interband parts by inspecting the corresponding frequency dependent imaginary parts of X (2) (ω). First of all, one sees that the op-
311 (ω) along with the intraband and interband contributions. All X (2) 311 (ω) are multiplied in unit of 10 −7 esu. posite sign of intra-and interband parts not only occurs in the static values but occurs almost energy by energy. The signs of the inter and intraband parts are difficult to understand a-priori because a variety of matrix element products come into play and both ω and 2ω resonances occur in both the pure interband, and the interband contribution modified by intraband motion when these are further worked out into separate resonance terms. As an example of this prediction, the tensor of some ABO 3 compounds are given in Table 4 . The independent tensor components are compared with recent experimental and theoretical values. Incident light has a small frequency ¾ compared to the energy gap. The independent tensor components are listed for ω = 0. The comparison with recent experimental values and theoretical calculations are also rather successful where available for the static SHG coefficients of the ABO 3 compounds.
Electro-optic tensor
We calculated the EO coefficients from first principles of some ABO 3 compounds. ABO 3 compounds are noncentrosymmetric crystals with various structures. The EO coefficients, as well as their total and electronic parts, are reported in Table 5 . All EO coefficients are positive as is the case for the non-centrosymmetric phases [32] , the phonon modes that have the strongest overlap with the soft mode to the EO coefficients.
Moreover, the electronic contributions are found to be quite small. All our investigation of EO coefficients of ABO 3 shows a good agreement and also the agreement is good between our results and earlier investigations. The first-principles based methods have been remarkably successful in modeling many of the physical properties of ABO 3 compounds. The calculated values of the optical constants show that they depend on the crystal direction and therefore show a large optical and dielectric anisotropy. The NLO properties for the important group of oxygen-octahedron ferroelectrics ABO 3 (LiNbO 3 , LiTaO 3 , KNbO 3 and BaTiO 3 ) have been calculated with first-principles calculations over a wide energy range. We have analyzed the interband and intraband contributions to the optical response functions. We have shown that O 2p states and Nb (or Ta) d states play a major role in these optical transitions as initial and final states, respectively. We studied some possible combinations of A and B. This allowed us to study the trends in the second order optical response with chemical composition. The results for the zero-frequency limit of SHG are in agreement with the available experimental results. The calculated linear EO coefficients for LiNbO 3 , LiTaO 3 , KNbO 3 and BaTiO 3 also show good agreement with the recent experimental data in the energy region below the band gap. For all the considered compounds the SHG coefficient X (2) (ω) is of the order of ∼ 10 −7 esu. Our calculations of the SHG susceptibility shows that the intraband and interband contributions significantly change with the change of B and A. Our calculations show that X (2) 311 (ω) is the dominant component that has the largest total ReX 2 (0). The structure in X (2) 311 (ω) can be understood from the structure in ε 2 (ω). We identify the coupling between the electric field and the polar atomic displacements along the B-O chains as the origin of the large EO response in ABO 3 compounds.
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